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Tbs  Traffic  Alert  and  Co  111  aloe  Avoidance  Spate*  (TCAS)  Is  s  Wacoo-bseed  airborne 
collision  avoidance  nyatoa  that  Is  abls  to  operate  la  all  slrspac*  wit  boot  rslisaca  on 
ground  equipment .  Tbs  TCAS  concept  cocoupeeaes  *  raagv  of  capabllitins  that  *nclnds 
TCAS  I,  a  loo^coi  t ,  Uni  ted -per  feme  nee  malm,  and  TCAS  XI,  «bld  Is  intended  to 
provide  •  coepretaeneive  level  of  separation  uiatasca  la  ell  esrrent  sad  predicted 
airspace  envlronnent*  through  the  end  of  this  esntary. 

Thla  dorrs  at  provide*  *  fuse  Clonal  evervf «e  cf  a  TCAS  I  equipped  with  a  low  passer 
active  transponder  detector.  It  Includes  a  definition  of  TCAS  1  Inactions,  calculated 
end  neaaared  surveillance  eerfomnnen  for  a  Ion  poaar  Interrogator  and  an  inpl ■■rotation 
approach  that  locorporatae  the  TCAS  I  functions  In  a  Node  S  transponder. 
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INTRODUCTION 


TCAS  Concept 

In  recent  years  the  development  of  airborne  collision  avoidance  systeas  has  focused  on  concents 
that  sake  use  of  the  trancoonders  carried  for  grou.id  ATC  purposes  and  hence  do  not  impose  the  need 
for  special  avionics  on  board  the  Intruding  aircraft.  Such  systems  have  the  advantsje  that  they  can 
provide  immediate  protection  against  collisions  involving  a  significant  and  growing  fraction  of  the 
aircraft  population. 

One  system  based  on  this  technique  is  the  Traffic  Alert  and  Collision  Avoidance  System  (TCAS). 
TCAS,  like  its  predecessor  BCAS  (Beacon  Collision  Avoidance  System),  is  designed  to  provide 
protection  against  aircraft  equipped  with  both  the  current  (ATCRBS)  and  future  (Hode  S)  air  traffic 
control  transponders. 

TCAS  encompasses  a  range  of  capabilities  that  Includes  (a)  TCAS  I,  a  low-cost, 
limited-performance  version,  and  (b)  TCAS  II,  which  is  intended  to  provide  a  comprehensive  level  of 
separation  assurance  In  all  current  and  predicted  airspace  environments  through  the  end  of  this 
century. 

TCAS  I 

TCAS  I  [1]  has  the  ability  to  receive  and  display  the  traffic  advisories  croasllnked  by 
TCAS  II.  It  also  has  the  ability  to  sense  the  presence  of  and  display  traffic  advisories  on  nearby 
aircraft  by  detecting  their  transponder's  transmissions  (replies)  at  1090  Mfir.  The  replies  detected 
may  have  been  elicited  by  ground  station  Interrogations  or  by  spontaneous  transmissions  of  Node  S 
transponders  (passive  TCAS  I)  or  may  have  resulted  from  low  power  interrogations  from  TCAS  1  (active 
TCAS  I).  Enhancements  of  TCAS  I  can  take  many  forms.  In  particular,  on-board  direction-finding 
antennas  could  be  used  to  augment  the  range  and  altitude  Information  obtained  from  transponder 
replies. 


( Intentionally  left  blank) 


TCAS  II 


Without  reliance  on  ground  equipment,  TCAS  II  { 2 }  is  capable  of  providing  resolution  advisories 
in  the  vertical  dimension  (climb,  descend)  in  airspace  densities  up  to  0.1  aircraft  per  square 
nautical  mile  (or  approximately  24  aircraft  within  1  nautical  idles  of  the  TCAS  II  aircraft). 
Traffic  advisories  on  nearby  aircraft  may  also  be  provided.  These  include  the  clock  position,  or 
bearing,  of  the  intruding  aircraft.  The  TCAS  II  uaea  the  Mode  S  data  link  to  transmit  advisories  to 
nearby  TCAS  I  aircraft.  These  crosslinked  advisories  provide  the  position  of  the  TCAS  II  aircraft 
as  seen  from  the  TCAS  I  aircraft.  The  Node  S  air-to-air  data  link  is  also  used  to  coordinate  escape 
maneuvers  among  TCAS  II  aircraft  that  are  in  conflict. 

It  Is  important  to  ensure  that  the  secondary  Burvetllance  radar  signals  transmitted  by  TCAS  II 
avionics  do  not  degrade  the  ability  of  ground-based  ATC  radars  to  sense  traffic.  TCAS  II  includes 
Interference  limiting  algorithms  that  are  designed  to  ensure  that  the  ability  of  ground  secondary 
surveillance  radars  to  receive  replies  in  response  to  interrogations  is  not  reduced  by  more  than 
2  percent  as  a  result  of  TCAS  II  operation. 

A  more  capable  system,  called  enhanced  TCAS  II,  uses  more  accurate  intruder  searing  data  to 
allow  It  to  reduce  unnecessary  alarms  (by  estimating  the  horizontal  alas  distance)  and  to  generate 
horizontal  resolution  advisories  (turn  right,  turn  left). 


ACTIVE  TCAS  X  OTEKVIKW 


This  report  presents  a  functional  overview  of  the  active  TCAS  I  ays tea. 

The  report  begins  with  a  description  of  the  active  transponder  detector  technique  Investigated, 
aloog  with  examples  of  Measured  flight  test  perfomaoce.  Next,  the  complexity  of  the  TCAS  X  is 
analyzed  and  an  approach  for  incorporating  TCAS  I  functions  in  a  Mode  S  transponder  is  described. 

The  paper  concludes  with  s  a  unwary  of  the  key  points. 
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ACTIVE  TCAS  1  OVERVIEW 

•  BEACON  SYSTEM  DEFINITION 

•  TCAS  I  CONCEPT 

•  ACTIVE  TCAS  I  TECHNIQUES  AND  PERFORMANCE 

•  ACTIVE  TCAS  I  IMPLEMENTATION  APPROACH 

•  SUMMARY 
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The  operation  of  the  current  Air  Traffic  Control  Ixltr  Beacon  System  (ATCRBS)  is  11 luat raced 
schematically  in  che  figure.  aTuRBS  ores  simple  two-pulse  inter rogations  transmitted  from  a 
rotating  antenna.  Two  types  of  interrogations  are  used  for  civil  transponders:  Mode  A  which 
elicits  one  of  4096  identity  codes;  sod  Itode  r-  which  elicits  a  similar  12-hit  code  containing  che 
aircraft's  barometric  altitude,  referenced  to  standard  atmospheric  conditions. 

Since  all  equioped  aircraft  In  the  antenna  mat abeam  respond  to  each  ATCkBS  interrogation,  it  is 
coaawu  for  replies  from  aircraft  at  nearly  the  same  ranges  to  overlap  each  other  at  the  interrogator 
receiver.  This  phenomenon  la  called  synchronous  garble.  It  is  controlled  In  the  ground  system  by 
using  s  narrow  antenna  beamvldth  and  by  restricting  each  sensor  to  the  absolute  minimum  range 
requited  for  air  traffic  control  purposes. 

At  abort  ranges,  the  signs!  strength  may  be  sufficient  to  interrogate  transponders  via  leakage 
through  Che  antenna  sidelobes.  To  control  this  phenomenon,  aircraft  in  the  antenna  sidelobes  are 
prevented  from  replying  by  a  technique  knovn  as  transmit  side lobe  suppression.  The  72  pulse  of  the 
interrogation  is  transmitted  on  an  onol-dl rect lonal  antenna  at  a  slightly  higher  power  level  than 
the  Interrogator  power  produced  by  the  sateens  sidelobes.  Transponders  are  designed  to  reply  only 
if  the  received  PI  pulse  la  greater  than  the  received  P2  pulse.  This  coaditloe  is  not  satisfied  In 
the  sidelobes  of  the  antenna. 


AIR  TRAFFIC  CONTROL  RADAR  BEACON  SYSTEM  (ATCRBS) 


MTHtf.  SELECT  SLACOM  SYSTEM 


The  Hade  Select  (Mode  S)  beacon  system  [3 J  was  developed  as  an  evolutionary  improvement  to  the 
ATC8JBS  system  to  enhance  elr  traffic  control  surveillance  reliability  end  to  provide  a 
ground-air-}} round  digital  data  communication  capability.  Each  aircraft  la  aaslgned  a  unique  address 
code  which  peralta  data  link  meaaagei  to  be  transferred  along  with  surveillance  interrogations  and 
replies. 

Like  ATCKBS,  Mode  S  will  locate  an  aircraft  is  range  and  arimuth ,  report  Ita  altitude  and 
identity,  an)  provide  the  general  surveillance  service  currently  available.  However,  because  of  ita 
ability  to  selectively  interrogate  only  those  aircraft  within  its  area  of  responsibility.  Mode  S  can 
avoid  the  interference  which  results  when  replies  are  generated  by  all  the  transponders  within  the 
beaa.  If  Mode  S  schedules  its  interrogations  appropriately,  responses  from  aircraft  will  not 
overlap  each  other  at  the  receiver. 

The  Made  S  signal  formats  are  illustrated  in  the  figure.  Mode  S  uses  the  same  frequencies  aa 
ATOtRS  for  interrogations  and  replies  (1030  sad  1090  MB*,  respectively).  The  Mode  S  interrogation 
consists  of  a  two-pulse  preamble  plus  a  string  of  56  or  112  data  bits  (including  the  24-blt  address) 
transmitted  using  binary  differential  phase  shift  keying  (DPSJC)  at  a  A  Mbps  rate.  The  preamble 
pulses  are  0.8  usee  wide  and  are  spaced  2.0  Mate  apart.  An  ATCMS  tranapoodar  that  receives  the 
interrogation  interprets  this  pulse  pair  as  an  ATCXBS  sidelobe  suppression,  causing  it  to  be 
suppressed  for  the  remainder  of  the  Mode  S  Interrogation.  Without  such  suppression,  the  following 
Mode  S  data  block  would,  with  high  probability,  trigger  aTOLBS  transponders  causing  spurious 
replies. 

The  reply  also  comprises  5b  or  112  bits  including  address,  and  is  transmitted  at  1  Mbps  using 
binary  pulae-poaition  modulation  (PPM).  The  four— pulse  reply  preamble  la  deeigned  to  be  easily 
distinguished  from  aa  A .CUBS  reply  sequence.  It  can  be  reliably  recognised  and  used  a a  e  source  of 
reply  timing  even  in  the  presence  of  an  overlapping  ATCSBS  reply,  while  at  the  same  time  achieving  a 
low  rate  of  false  alarms  arising  from  multiple  ATCRBS  replies. 

The  Mode  S  parity  coding  scheme  is  designed  so  Chat  an  error  occurring  anywhere  in  an 
interrogation  or  a  reply  will  modify  the  decoded  address.  If  there  is  an  error  on  the  uplink,  the 
transponder  will  not  accept  the  message  and  will  cot  reply,  since  the  interrogstion  does  net  appear 
to  be  addressed  to  it.  If  there  is  as  error  cm  the  downlink,  the  interrogator  wiil  recognise  that 
an  error  haa  occurred,  since  the  reply  does  not  contain  the  expected  address.  This  error  detection 
feature  along  with  the  ability  to  reinterrogate  a  particular  aircraft  if  a  reply  is  not  correctly 
received  gives  Mode  S  the  required  high  surveillance  and  communications  reliability. 
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MODE  S  INTERROGATION  AND  REPLY  WAVEFORMS 
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TCAS  I  PtmCTIOSS  *HD  COMPONENTS 


There  are  three  aaln  chsracterlatlca  of  TCAS  I: 

1.  TCAS  I  la  able  to  reapond  with  encoded  altitude  to  Interrogations  froa  the  air  traffic 
control  ays ten  on  the  ground  and  fro*  airborne  TCAS  II  units.  Tbua  It  includes  a 
transponder  and  an  encoding  altimeter. 

2.  TCAS  1  has  a  wans  for  displaying  the  traffic  advisory  received  froa  TCAS  II.  This 

Inforaatlon  is  croaallnked  froa  TCAS  II  Co  the  transponder  In  the  TCAS  I  aircraft.  The 
crosslink  nessage  Is  discretely  addressed  to  the  TCAS  I  aircraft  using  Mode  S  signaling. 
Thus,  the  TCAS  I  transponder  mist  be  a  Mode  S  transponder  with  an  aaaociated  pilot  display. 


3.  TCAS  I  has  the  capability  of  detecting  transmissions  froa  nearby  transponders  and  alerting 
the  pilot  when  the  characteristics  of  any  transmission  Indicate  that  it  might  be  a  threat. 
Thus  it  has  soae  form  of  transponder  detector. 


TCAS  I  FUNCTIONS  AND  COMPONENTS 


•  PROVIDES  SURVEILLANCE  ELEMENT  FOR  GROUND  AND  TCAS  D 

-  TRANSPONDER 

-  ENCODING  ALTIMETER 

•  DISPLAYS  TRAFFIC  ADVISORY  CROSSLINKED  FROM  TCAS  H 

-  TRANSPONDER  MUST  BE  MODE  S 

-  TCAS  I L  TRAFFIC  ADVISORY  DISPLAY 

•  DETECTS  TRANSMISSIONS  FROM  NEARBY  TRANSPONDERS 


-  PASSIVE  OR  ACTIVE  TRANSPONDER  DETECTOR 


TCAS  X  BLOCK  DIAGRAM:  ACTIVE  DETECTOR 


The  figure  ebon  the  block  dlagraa  of  TCAS  I  with  e  low  power  active  detector,  bote  that: 

1.  The  active  detector  transalte  a  standard  ATCRBS  Mode  C  Interrogation  and  thus  receives 
ATCUS  replies  fros  ATCRBS  and  Mode  S  transponders. 

2.  Detection  la  provided  for  both  ATCRBS  and  Node  S  aircraft  In  regions  where  there  la  no 
ground  Interrogator. 

3.  Kutua'  suppression  Is  required  since  both  transponder  and  detector  operate  on  both  beacon 
frequencies. 


TCAS  I  BLOCK  DIAGRAM 
ACTIVE  DETECTOR 


1030  MHz  INTERROGATION 


GROUND  ATC/ 
TCAS  H 


1090  MHz  REPLY 


DETECTED 

AIRCRAFT 


ATCRBS 

1030  MHz  INTERROGATION 


ATCRBS 

1090  MHz  REPLY 
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An  active  detector  approach  la  feaalble  only  If  a  transmitted  power  that  cauaee  a  negligible 
Increase  lo  signal  interference  also  gives  a  useful  detection  range. 

An  analysis  was  conducted  to  deteralne  the  poser  level  that  could  be  enployed  by  JOS  of  the 
aircraft  In  the  high  traffic  densities  (0.3  aircraft  per  square  nal)  and  that  would  cause  no  sore 
than  I0Z  of  the  signal  interference  generated  by  TCAS  II  operation.  The  result  was  a  transmitted 
poser  equivalent  to  one  5.0-watt  Mode  C  interrogation  every  second  (i.e. ,  one  5.0-watt  Interrogation 
per  second,  or  one  10. 0-wet c  Interrogation  every  2  seconds,  etc.). 


ACTIVE  TCAS  I  INTERFERENCE  CONSIDERATIONS 


CONSTRAINTS 

•  50%  IMPLEMENTATION  IN  ANY  AIRSPACE 

•  NEGLIGIBLE  INTERFERENCE  TO  GROUND  AND  TCAS  II 
ENVIRONMENT 


RESULTS 

•  TRANSMIT  POWER  EQUAL  TO  ONE,  5.0  WATT  MODE  C 
INTERROGATION/SEC 

ATC-l 1 8-6 
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ACTIVE  TCAS  I  TRACK  TUG  PROBABILITY 


Calculated  value*  of  cracking  probability  for  several  peak  pomes  are  shorn  in  the  figure.  The 
performance  at  4  watts  la  also  shown  since  flight  test  data  were  available  at  that  power  level. 
Hote  that  tbs  calculated  performance  for  a  20-watt  Mode  C  Interrogation  (every  4  seconds)  yields 
good  detector  performance  out  to  2  nautical  miles. 

This  performance  prediction  ass'iaes  no  loss  In  detection  due  to  synchronous  garble  and  Is 
therefore  only  applicable  to  densities  where  no  more  than  one  aircraft  (on  average)  is  within  garble 
range.  This  "single-air craft"  density  la  shown  for  each  of  the  ranges  calculated.  For  active 
TCAS  I  units  with  a  degarbllng  capability,  reliable  TA’s  would  be  possible  lu  somewhat  higher 
traffic  densities. 

The  density  of  0.024  alreraf t/owL^  for  a  2-mll*  range  is  equivalent  to  the 
outside  of  the  TCA  In  the  Boston  and  Washington  areas. 


current  density 


CALCULATED  VALUES  OF  TRACKING  PROBABILITY 
FOR  A  LOW  POWER  TCAS  I  DETECTOR 


I  RANGE 

INTERROGATOR  POWER  (AT  ANTENNA) 

OPERATIONAL 

DENSITY 

(NMI) 

4 

WATTS 

S 

WATTS 

10 

WATTS 

20 

WATTS 

AC/NMI  2 

1 

0.90 

0.93 

0.97 

0.99 

0.047 

2 

0.67 

0.72 

0.84 

0.93 

0.024 

3 

0.47 

0.53 

0.69 

0.83 

0.015 

4 

0.33 

0.38 

0.56 

0.72 

0.010 
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VALIDATION  OF  CALCPLATTO  ACTIVE  TGAS  X  ggBSBfiig 


A  comparison  of  calculator  and  measured  perforaanct  for  tbs  A-aatt  case  la  sham  in  the  if  gore. 
The  airborne  measurements  are  seen  to  be  Is  reasonably  good  agreement  with  the  calculated 
performance. 


PROBABILITY  OF  SUCCESS,  P(S) 


ACTIVE  TCAS  PERFORMANCE  AS  A  FUNCTION  OF  RANGE 


RANGE (NMD 


ATC-l • •-* 


*  PERCENT  OF  IURCRAFT  FROM  WHICH  REPUES  ARE 
ELICITED  BY  A  4-WATT  INTERROGATION,  FOR 
AIRCRAFT  WTTHU  1 10®  IN  ELEVATION  ANGLE 


A  functional  block  diagram  of  a  possible  TCAS  1  active  transponder  detector  is  shown  in  the 
figure.  A  single  20-watt  Mode  C  interrogation  is  generated  once  every  four  seconds.  this  standard 
ATCHBS  interrogation  elicits  AXCKSS  replies  from  both  ATCXBS  and  Mode  S  aircraft.  The  interrogation 
Is  followed  by  a  listening  interval  of  approximately  5S  usee ,  which  is  sufficient  to  receive  replies 
froe  aircraft  up  to  three  nautical  dies  away.  Received  replies  are  tracked  to  eliminate  fruit.  A 
top-mounted  antenna  Is  used  to  aintmixe  the  effect  of  reflections  frost  the  ground. 

In  addition  to  active  surveillance,  the  detector  shown  also  includes  provisions  for  rejecting 
replies  that  are  not  near  the  TCAS  I  altitude.  The  alarm  logic  for  the  active  detector  can  track 
range  to  derive  range  rate.  This  makes  it  possible  to  baas  alerts  on  range  closure  as  well  ss  range 
and  altitude  proximity,  sod  should  therefore  help  keep  the  false  alarm  rate  relatively  low. 
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TCAS  I  ACTIVE  DETECTOR  FUNCTIONAL  BLOCK  DIAGRAM 


SUmtESCtON  BUS 
TO  LOCM»  TftAMafOMOER 


IMLOT 

DlSPLA 


ACTITK  TCAS  I  jgjagMB  ftAsmnmwr* 


An  cxnpl?  of  flight  test  performance  far  s  *-watt  active  interrogator  la  shows  In  the  figure. 
The  solid  limes  represent  the  location  of  aircraft  u  determined  by  am  experimental  TCAS  II  unit 
Installed  In  the  flight  test  aircraft  elth  the  TCAS  I,  and  operating  at  full  power.  The  dote 
Indicate  regions  where  the  4-*«t  t  Interrogator  elan  elicited  replies. 


LOCATION  Of  A  TARGET  AIRCRAFT 
AS  DETERMINED  BY  TCAS  II 
REGION  WHERE  LOW-POWER 
INTERROGATIONS  ELICITED 
REPLIES  <4  WATTS,  TOP  ANTENNA) 


IMP LEKKKTAT IOM  RKOUIEBCMTS 


Every  TCAS  I  incorporates  a  Mode  S  transponder  (shown  at  the  top  of  the  figure).  The  use  of  an 
active  transponder  detector  requires,  in  effect,  another  transponder  complete  with  receiver, 
transmitter,  and  logic  but  operating  on  t'<*e  opposite  beacon  frequencies.  However,  this  ’inverted' 
transponder  is  active  for  less  than  100  nsec  every  second.  It  thus  appears  practical  to  tine  share 
the  Hode  S  receiver  and  transmitter  between  the  transponder  and  active  detector  tasks. 

Details  of  this  realisation  of  an  active  detector  are  given  in  the  following  figure. 


TCAS  I  IMPLEMENTATION  REQUIREMENTS 
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This  lopleaentatlon  of  a  TCAS  I  active  transponder  detector  uses  the  Mode  S  transponder  in  a 
tine-sharing  node.  The  double-boxed  eleaent*  in  the  dlagraa  are  those  asseabiles  that  auat  be  added 
to  the  transponder  to  reconfigure  it  to  a  TCAS  I  active  detector.  Switches  effect  the 
reconfiguration  and  frequency  change.  Note  that  there  is  no  need  for  extreae  speed  or  efficiency  in 
the  reconfiguration  switches  since:  (1)  tine  Is  available  for  switching.  (2)  insertion  loss  in  RF 
energy  switching  is  not  critical  since  sensitivity  and  RF  poser  output  for  the  transponder  detector 
are  respectively  about  4  dB  and  20  dB  less  Chan  the  levels  required  for  the  Mode  S  transponder 
function,  (3)  Local  Oscillator  and  Master  Oedllator  frequency  switching  can  be  done  «t  the  DC 
level,  and  (4)  node  decoder  switching  la  strictly  a  logic  function. 
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TCAS  I  ACTIVE  TRANSPONDER  DETECTOR 
IMPLEMENTATION  DETAILS 


Xtuunanit*  indicate  that  a  low  power  active  TCAS  I  provide*  reliable  detection  of  nearby 
aircraft.  Its  ability  to  msssure  range  petatlta  the  use  of  alarm  logic  that  should  result  in  an 
acceptable  rate  of  false  alarms. 

It  appears  that  the  low  power  active  approach  can  be  realized  economically  since  its  vary  low 
duty  cycle  makes  it  possible  to  time  share  the  transponder  transmitter  and  receiver  elements. 
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SUMMARY 


MEASUREMENTS  INDICATE  THAT  ACTIVE  TCAS  I  PROVIDES 
RELIABLE  DETECTION  OF  NEARBY  AIRCRAFT 


IT  APPEARS  FEASIBLE  TO  SHARE  THE  TRANSPONDER 


TRANSMITTER  AND  RECEIVER  ELEMENTS  WITH  THE  TCAS  I 
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